Abstract Water Distribution Systems (WDSs) have losses, which are difficult to be eliminated due to the complex socio-technical nature of these systems. This paper presents a systematic review of the literature on losses in WDSs, which addresses two questions: which are the factors that influence the complexity of WDSs, having an impact on the losses of water? How do the methods used to control losses in WDSs account for complexity? We assumed that to be compatible with the nature of WDSs, the loss control methods should account for five attributes of complexity. Twenty-one factors that influence these attributes were identified from 49 selected papers, based on a content analysis. Non-linear interactions were the attribute most frequently accounted by the methods (36.5%), and none of the methods simultaneously accounted for all the five attributes. The review also supported the development of a model of the relationships between the factors that influence the complexity attributes. This model is a basis for the analysis of the impacts of actions for tackling losses.
Introduction
Regardless of the scarcity of fresh water usable for human consumption, many Water Distribution Systems (WDSs) have significant losses (Hunaidi et al. 2000) . Worldwide, the levels of water loss are usually between 20% and 30% of the production of treated water, being the water leaks the major part of this figure (Cheong 2003) .
In WDSs, losses are usually classified in two types: real and apparent losses. The water volume that is lost through leakings and the overflow of reservoirs is known as real loss, while the apparent loss is due to inadequate measurements (e.g. hydrometers reading errors) and from the non-authorized use of potable water (Ríos et al. 2014) .
In both the literature and in practice, the control of losses in WDSs is approached mostly as a technical problem (Starczewska et al. 2015) . However, WDSs have an impact on several aspects of human life, affecting users'comfort, activities and personal objectives. Hence, it is possible to frame WDSs as complex socio-technical systems (CSSs), which are characterized by strongly interrelated social, technical and organizational sub-systems, which are all interacting with the external environment (political, legal, cultural, and economic) (Dey and Lee 2017) . As such, complexity science can offer insights into how losses occur and can be prevented in WDSs. The lens of complexity has been used to make sense of a number of problems of modern societies, such as urban planning (Heracleous et al. 2017) . In this context, to the authorsḱ nowledge, this paper presents the first systematic review of losses in WDSs and the selected studies are interpreted through the perspective of complexity science. Two research questions guide this study, as follows: (i) which are the factors that influence the complexity of WDSs, having an impact on the losses of water? (ii) How do the methods used to control losses in WDSs account for complexity?
Definition of Water Distribution System
WDSs deliver potable water to consumers in urban centers, through a multitude of interconnected components such as pipes and reservoirs (Liu and Yu 2014) . In this article, we extend and reframe this concept as follows: a WDS is a complex sociotechnical system that is physically, geographically, ciber and logically interconnected with other critical infrastructure systems, aiming at the delivery of potable water to consumers in urban centers. Thus, the adopted concept is not limited to the structural and technical aspects of WDSs, but it also recognizes the interactions with the broader social context and the external environment. This socio-technical perspective opens the possibility of exploring the root causes of losses, in addition to emphasizing a functional analysis of WDSs. It is worth noting that the proposed concept of WDSs does not cover agricultural water distribution systems (Abadia et al. 2012) , which are focused on farming and irrigation of agricultural activities.
Research Method
The stages proposed by the protocol Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) (Moher et al. 2009 ) were followed ( (i) Identification of the papers: six databases available in the instituiton of the authors were consulted, namely ScienceDirect, Web of Science, Emerald, IEEE Xplore; Scopus; and EBSCO Business Source Complete. These databases were acessed between the 18th and the 23rd of January 2017. The algorithm used in the search was as follows: "water distribution network" OR "water distribution system" AND Bloss^OR Bwaste^in the abstract, title and keywords. The period of the publications was not specified. The search indicated a total of 2.032 results. After excluding 1.372 entrances without complete access to its contents, 660 entrances remained. From these, 191 were duplicates and hence 469 papers were selected in the end of this stage. (ii) Screening: six exclusion criteria were applied: magazine papers and technical reports (15); papers not written in English (4); conference papers (79); and book chapters (2). Based on this, 100 entrances were excluded and 369 remained to the next stage. (iii) Elegibility: one last filter was applied to exclude papers that did not have any explicit connection to water losses, considering our adopted definition of WDSs. This filter was applied by reading the papers´abstracts and, based on this, 320 papers were excluded and 49 remained for the next stage. (iv) Inclusion: all 49 papers were ordered alphabetically from the title, their identification data were recorded and the paper contents were included in the data analysis. Data analysis was an iterative process, based on the criteria described in Table 2 . A first round of analysis was conducted by the first author. Next, the second author randomly selected some results obtained by the first author and carried out his own analysis. In cases of discrepancies, the authors discussed to reach a consensus.
The complexity attributes were identified from the articles using the content analysis technique (Bengtsson 2016) . We defined that a complexity attribute is influenced by a set of inter-related complexity factors. Thus, through the content analysis, we firstly identified excerpts of text that mentioned factors that influenced the complexity of WDSs. Then, these factors were grouped according to their similarity -e.g. residential, industrial, and commercial consumers were all regarded as part of the same factor, referred to as "different categories of consumers". Next, factors were associated with the five categories of complexity attributes mentioned in Table 1 . This association was to some extent a compromise solution, since the attributes are inter-related.
As for the data analysis category related to the country where the study was carried out, the countries were classified as low and middle income countries (LMI) Total records excluded from screening (n=100) Fig. 1 Steps to carry out the systematic review empirical and 39 of these informed the country in which the study was performed. From these 39 studies, 69% were performed in UHI countries and 31% were in LMI countries. It is also worth noting that this review is focused on losses in continuous supply WDSs. Only two selected papers mentioned intermmitent supply (Burrows et al. 2000; Grimmeisen et al. 2016 ) and they were included because they also discussed losses and continuous supply. Furthermore, continuous supply systems may, in certain occasions and temporarily, resort to intermittent supply in order to keep serving customers.
Results

Factors that Influence the Complexity Attributes and Impact on Losses
Twenty-one factors that influence the complexity attributes were identified in the analyzed articles (Tables 3, 4 , 5, 6, and 7). Some clarifications regarding the contents of these Tables need to be presented, as follows:
(i) As for the loss types, the numbers in () indicate the number of excerpts of text in which the factor was associated with real losses, apparent losses, or both types; (ii) As for the national income, the numbers in () correspond to the number of studies that referred to the factor. For instance, Table 3 conveys that the factor Benginering attributesŵ as cited as playing a role in losses by three studies focused on low and middle income Evidence that the methods to control water losses accounted for the complexity attributes mentioned in Table 1 The extent to which the methods account for the complexity attributes is adopted as a proxy measure of their theoretical and practical compatibility with the complex nature of WDSs, using content analysis (research question ii).
countries, while being cited by eleven studies focused on upper and higher income countries; and (iii) BN.^refers to the number of excerpts of text in which each factor was cited. The value of BN^can be equal to or greater than the sum of the numbers in (). This can occur because BN^represents the overall frequency at which the factor was cited and not all studies explicitly associated the factor with a certain type of loss or particular country.
Overall, the complexity attributes were mentioned in 191 excerpts of text from the selected papers. The distribution of the excerpts according to the attributes was as follows: nonlinear interactions (36.5%), large number of elements (28.1%), unexpected variability (14.6%), resilience (12.5%), and diversity of elements (8.3%).
Regarding the Blarge number of elements^, three factors were found (Table 3) . One of these is related to the concentration of urban populations in small areas (Smith et al. 2015) , which stresses the demand from the sources of water. This concentration is a source of complexity, because the physical proximity between the elements of a system increases the likelihood of unwanted interactions (Perrow 1984) . This is consistent with the findings by Smith et al. (2015) who concluded that there is a correlation between the rate of leakage and the population of the urban area served by the WDSs. In this sense, the rapid urban population growth poses more difficulties for water supply in developing countries, such as Turkey and Jordan (Kanakoudis et al. 2014; Karadirek et al. 2012; Bulu et al. 2015; Jaber et al. 1997; Grimmeisen et al. 2016 ).
Due to this high and concentrated demand, water supply infrastructures are increasingly large and difficult to manage (Gomes et al. 2013) , which is referred to in Table 3 as the factor Bextensive distribution networkB. Out of the 49 articles, 19 reported the size of the networks, which had an average size of 1829 km in length.
However, a large network is not necessarily a severe drawback in modern water distribution networks, if they are designed with District Metered Areas (DMAs). This design approach consists of dividing the water distribution system into smaller areas of flow measurement in order to facilitate pressure management (Gomes et al. 2013 ). Thus, DMAs allow for the partiotining of large WDSs in smaller and mostly independent systems, which are easier to manage. However, in complex systems any Bsolutions^are elusive, due to the possibility of non-linear interactions that may give rise to unanticipated effects. For example, the technologies to control water consumption required by DMAs are subject to failure modes and fallible maintenance procedures. In addition, the implementation of DMAs in old networks demands an infrastructure investment that the service provider may not be able to afford. Due to the need for the said investment, water distribution networks are more likely to be designed with a suitable number of DMAs in developed countries (Al-omari 2013). Engineering attributes also contribute to the large number of elements. For instance, incorrect assembly of the connections between pipes can cause a considerable loss of water (Covelli et al. 2016 ). The role played by engineering attributes in water losses was also recognized by Alkasseh et al. (2013) . These authors concluded that 97.5% of the reported leaks occurred in tubes with diameters less than or equal to 50 mm. Pipes within this range are normally used as piping and service connections. In fact, the large number and diversity of engineering attributes makes it difficult to control and monitor water losses, which seems to be a concern especially in developed countries, such as Italy and England (Tanyimboh and Seyoum 2016; Covelli et al. 2016) . Table 4 describes the factors related to non-linear interactions. The emphasis placed on these factors, which were the most frequently mentioned by the selected studies (36.5%) is positive since it gives visibility to less obvious problems in WDSs. The two most frequent factors related to nonlinear interactions are undetected leaks and high network pressure. Malm et al. (2015) also found that these two factors, when combined, may cause dramatic effects on the behavior of the system. Estimates indicate that leaks not detected represent up to 10% of total water consumption, especially in the residential sector (Britton et al. 2013) . The increase in leakages can also indicate that the pressure in the network is high, also resulting in more energy consumption by the water pumps, which in turn leads to an increase in CO 2 emissions.
Variations in water consumption (cited in 4.70% of the articles) can also greatly amplify or dampen the effects of leaks, thus being related to the attribute non-linear interactions. Since the demand for water varies over time (Nicolini et al. 2011) , leakages in times of greater consumption tend to be amplified. Table 5 presents the complexity factors related to the diversity of elements. The different types of consumers, which was the most frequent factor, implies a wider diversity of consumption meters of various sizes, according to the consumption profile (Yuksel et al. 2004) . Meters with capacities not suitable for this profile can generate measurement errors, incurring apparent water losses.
As for the factor diversity of income of the population, this implies in different patterns of consumption, according to the varying living standards within a same geographical region. For instance, longer and more frequent baths, as well as the increasing use of washing machines and dishwashers (Prieto et al. 2015) , may be associated with improvements in living standards.
The diversity of institutional arrangements of water supply companies (e.g. public, private, mixed, organizational policies and management practices) may also influence the losses. For instance, this factor is possibly associated with the lack of qualified and trained personnel, a low level of public awareness and corruption as some of the reasons why services are poorly managed (Trojan and Morais 2015) . In this review, we did not find any study that compared the performance of private supply companies with public companies, which is thus a gap in the literature. In addition, the diversity of criteria to analyze water demand and water losses is another complexity factor, which can explain the variations in the data provided to governments (Prieto et al. 2015) . Table 6 shows the frequency of factors related to unexpected variability. Errors in water measurement, which account for the unbilled fraction of treated water produced, may vary widely (Dube and Van Der Zaag 2003) . Consumption meters, like any other mechanical devices, are subject to wear and tear and therefore loss of accuracy over time. Furthermore, the manual reading of customer consumption meters, in which the readers visit individual meters to collect readings, is susceptible to human errors (Mutikanga et al. 2011) .
Thus, errors in water measurements can cause managers not to even know the true loss in the production of treated water. This can generate what Ramasesh and Browning (2014) refer to as Bknown unknowns^, since it is known that there is imprecision, but it is not known its extent. In this case, the Bunexpected variability^refers to the extent of the water measurement errors, instead of the errors themselves.
Regarding the infrastructure conditions of WDSs, a study by Kim et al. (2016) concluded that the older the network, the greater the leaks. The pipe materials also strongly influence the amount of water lost. According to Malm et al. (2015) there is a clear correlation between the volume of water lost and the proportion of gray cast iron tubes. In these examples, the Bunexpected variability^refers to the timing and extent of infrastructure failures. Table 7 presents the factors related to the Resilience attribute, which in WDSs is essential for maintaining service quality under fault conditions (Herrera et al. 2016) . Resilience also implies anticipating rare events, which may lead to a lack of water supply, and enhancing WDS's ability to deal with disturbances (Thissen et al. 2017) . Thus, the design of WDSs should include redundancies and alternative routes to meet demand. The literature presents tools to quantify the resilience of WDSs as a measure of a network's ability to maintain supply under fault conditions (Herrera et al. 2016 ).
The water supply should also be designed to be greater than the demand, which contributes to the resilience and reliability of supply in WDSs (Zyoud et al. 2016) . Of course, since overcapacity contributes to continuous supply this is also a drawback, in the sense that real losses may increase while the leak is not interrupted. Thus, one of the key issues in the planning of WDSs refers to the definition of the adequate level and type of system resilience, so that supply is continuous, without increasing water losses.
Another factor strongly related to resilience is the intermittent water supply. Especially in arid and semi-arid regions, dealing with water scarcity is a practical necessity. In this case, consumers are forced to collect and store water for the hours and days without supply (Grimmeisen et al. 2016) . In this case, resilience relies not only on the WDS itself, but also on the consumer's behaviour. Thus, social factors are likely to play a greater role in the control of water losses when there is intermittent supply, in comparison with continuous supply.
Methods for Controlling Water Losses
Appendix 1 (online) presents the 36 loss control methods described in the analyzed articles, as well as their frequency in the studies and the influence factors on complexity that were considered by each method. Thirty-five (97.2%) methods were applied to control real losses and only 14 (38.9%) to apparent losses. Thirteen methods (36.11%) covered both types of losses. The lower number of methods applied to apparent losses can be due to the previously mentioned technical bias of loss reduction programs, which focus on physical leakages.
In this Section, the discussion is focused on the methods most frequently reported in the literature. The most frequent method, applied in 20.4% of the 49 analyzed articles, is the District Metered Areas (DMA).
As mentioned in Section 5.1, a DMA is a part of the network that is physically isolated from the rest of the distribution system, by closing some gate valves. By isolating portions of the water distribution network, it is possible to monitor the inflow and outflow within the isolated area, facilitating leak detection (Xin et al. 2014) . Thus, DMAs can be interpreted as a means for reducing the complexity of the system, by tackling the complexity factor large size of the distribution netwok. The high frequency citation of DMA is consistent with the fact it is widely used internationally (Farley 2001) .
The second most frequent method (10.1%) is the Minimum Night Flow (MNF). The consumption of water in urban areas is minimal over the night. In this period, the leaks are easier to be identified, being at their maximum percentage in relation to the measured total flow (Nicolini et al. 2011) , because a sudden spike in water consumption may reflect the actual leak (Xin et al. 2014) . Therefore, this method accounts for the the influencing fators referred to as undetected leaks.
The literature on water losses has also made use of Genetic Algorithms (8.70%), which are techniques used in computer science to find approximate solutions to optimization and search problems. In the analyzed articles, this technique was applied to calculate the measurement error of water consumption (Xin et al. 2014 ) and the optimization of WDSs considering engineering attributes (Tanyimboh and Seyoum 2016; Covelli et al. 2016 ) and infrastructure conditions (Xu et al. 2013) .
The method using Pressure Reducing Valves (PRV) also corresponded to 8.7% of the total. According to this method, the daily volume of water lost in the network can be reduced by minimizing the pressure through an appropriate choice of valve positions and their configurations in the system (Covelli et al. 2016) . Thus, by reducing unnecessary high pressure, leakages can be reduced.
It was also verified the use of time series (5.8%) as models in which the calculated parameters were used to predict the water demand in the short and long term, in order to improve decision-making on the management of the network. Furthermore, a method proposed by the International Water Association (IWA) was applied to standardize the international assessment of water losses (4.3%). This method includes a database of 170 performance indicators based on 232 variables that should be regularly measured and monitored (Kanakoudis and Muhammetoglu 2014) . This method can encompass various factors that influence complexity, such as unauthorized water consumption, water network pressure, and variations in water consumption, accounting for both actual and apparent losses.
Complexity Attributes Considered by the Methods for Controlling Water Losses
The identification of the complexity attributes accounted by the loss control methods (Table 8) was made through a content analysis, as mentioned in Section 4. For example, the following excerpt of text related to the DMA method was selected from the study by Gomes et al. (2013) : BWater Network Partitioning is a recent research line and consists in dividing the water distribution network into smaller zones called District Metered Areas (DMAs) with one (or more, in exceptional cases) supply point, to reduce the network complexity and/or allow pressure management.^Based on this, it was possible to infer that the DMA method could be associated with the influencing factor Bextensive distribution network^, which in turn is related to the complexity attribute "large number of elements".
The method that accounts for most factors was the Time Series (TS), being related to three out of the five categories. In turn, 45.2% of the methods considered non-linear interactions, the most frequent attribute, while the attributes of resilience were the least included in the analyzed methods (7.1%). In addition, DMA, the most applied method (20.4%), considers only two out of the five attributes of complexity. Thus, there seems to be a need for developing methods for water loss control that consider all attributes of complexity analyzed.
Discussion
Based on the collected data, it can be infered that there are dynamic relationships between the attributes of complexity. A model of these relationships is proposed (Fig. 2) , by developing a causal loop diagram, which is a commonly used system dynamics tool to schematically represent the interactions of variables in complex systems in general.
The diagram consists of a set of nodes and arrows. Nodes represent the variables and the arrows are the links between the variables. A positive causal relationship means that the two nodes change in the same direction -e.g. if the variable in which the connection starts decreases (or increases), the other variable also decreases (or increases). By contrast, the negative causal relationship means that the two nodes change in opposite directions (Lee et al. 2014) . The model shows the relationships among the five complexity attributes adopted as a basis in this paper, and the nodes correspond to the 21 identified factors that influence the complexity of WDSs, having an impact on water losses.
According to Saurin et al. (2013) , the attributes a large number of dynamically interacting elements and diversity of elements play a paradoxical role: although they create conditions for unexpected variability, which can be a problem, they also support resilience, which compensates for variability. The said paradoxical role can be illustrated in the context of WDSs. For example, as can be seen in Fig. 2 , the variable Blarge number of consumers^tends to increase the variable Bdiversity of consumers^. In turn, the existence of more and more diverse profiles of consumers increases the likelihood of unauthorized consumption of water (i.e. unexpected variability, at least in terms of its extent), because each category of consumer has a different consumption profile that must be measured by appropriate meters, which often does not occur. However, the large number of dynamically interacting elements is a resource for resilience as it can provide slack (e.g. some elements can be functionally redundant). For example, an extensive water distribution network can increase the likelihood of different sources of water supply and ensure overcapacity to maintain continuous supply to the population by providing alternatives and thus resilience to WDSs.
It is also worth noting that the continuous supply, which is factor associated with resilience, is a positive characteristic of the WDS in the sense of keeping the population served. Paradoxically this factor may also be a hindrance in the sense that the greater this type of resilience, the greater the losses of water in case of ruptures of pipes or even theft of water. Therefore, resilience can be both an asset and a source of problems for WDSs. The model also sheds light on the interdependences between real and apparent losses. Apparent losses can be caused by errors in consumption measurements and water thefts, causing the consumer to pay a lower bill than actually consumed. Therefore, this can stimulate excessive water consumption, which in turn may require greater pressures in the network and the effects of leaks can be amplified. Thus, reducing apparent losses could contribute to reducing real losses. For clarity, the causal links described in this example are presented in Fig. 2 with dotted arrows.
The interdependence between both types of losses is also suggested by the data presented in Tables 3, 4 , 5, 6, and 7. According to these Tables, 18 out of the 21 complexity factors were cited by authors as being relevant for the control of both real and apparent losses. Of course, this does not necessarily mean that the factors are equally relevant for both types. A similar reasoning applies for the association between the factors and the national income level. Indeed, 18 out of the 21 factors were cited in studies conducted in both UHI and LMI countries, although the relative importance of each factor for each country type had not been analyzed.
Overall, the model suggests that the control of losses in WDSs requires the use of methods that can support the real-time management of the trade-offs between the variables, which are inevitable given their dynamic relations. As each variable interferes in the behavior of the other, and in large part this relation is nonlinear, small changes in one can generate large effects on the others. In this respect, it is necessary to use modelling and simulation approaches that recognize the socio-technical nature of WDSs when evaluating the impact of loss control measures. This nature is reflected by several of the identified influencing factors -e.g. wide diversity of consumers, variations in consumption due to different living standards and lifestyles, consumption of water not authorized, price of water, population's income, and institutional arrangements.
The potential value of the complex socio-tecnhical perspective can be illustrated by a hypotethical example of outsourcing water distribution. In this case, attention must be paid to the relationship that the supply company already has with the user, which can be lost when passing on the activity to a third party. The knowledge derived from this relationship is an asset for the control of losses, because it can indicate different consumption profiles and regions of the city more prone to water losses, among others. The knowledge that the company has about the different categories of consumers takes a certain length of time to be acquired, since the employee who directly provides the customer service knows the consuming habits, indications of fraud or excessive consume that contribute to losses.
Conclusions
Contributions of this Study
The two research questions that guided this study were stated as follows: (i) which are the factors that influence the complexity of WDSs, having an impact on the losses of water? (ii) How do the methods used to control losses in WDSs account for complexity?
Both questions were answered through a systematic literature review of losses in WDSs, interpreting the findings in light of complexity science. This perspective, while operationalized in other domains, has not received the same attention in the literature of losses in WDSs. As for research question (i), we identified 21 interrelated factors that influenced the complexity of WDSs and the corresponding losses. These factors account for the complex socio-technical nature of WDSs, which is not usually emphasized by the methods of loss control.
As for research question (ii), our findings indicated that none of the methods for loss control covers all five complexity attributes. For instance, non-linear interactions (a defining feature of complexity), are considered by only 45.2% of the methods. In principle, methods with a full coverage would be expected to produce better results, in line with findings obtained in other domains. In fact, there is a vast and established literature on socio-technical systems (e.g. Clegg 2000; Trist and Bamforth 1951) , which indicates that better performance in general, not only in financial terms, arises from the joint optimization of the technical and social systems, rather than the optimization of either in isolation.
It is also important to note that in the literature reviewed losses are defined from the point of view of the water distribution company, instead of the customer. From the point of view of the end users, the fundamental loss is caused by lack of water and disruption of supply. Another loss from this viewpoint may be the customer's dissatisfaction with the quality of the water. In fact, this insight indicates that a broader conceptualization and taxonomy of losses in WDSs is necessary, considering the requirements of all stakeholders involved in this system. Overall, our results indicate the value of framing WDSs as complex socio-technical systems, in order to better understand the nuances of the water losses and to better design interventions that lead to the greatest improvement in outcomes for reduction of losses, bringing economic and social benefits to the system.
Limitations
Some limitations of this research should be emphasized. First, the inclusion and exclusion criteria, as well as the databases used, may have neglected relevant studies. Second, there is a philosophical limitation in the sense that a complete description of complex socio-technical systems such as WDSs is impossible -otherwise the system would not be complex. Third, our model of the relationships between the influencing factors on complexity was not empirically tested. Finally, there was a limitation in carrying out an in-depth analysis of each method to control losses. Indeed, there are other possible criteria for analysing the methods, in addition to the adopted attributes of complexity.
Future Research
This literature review identified theoretical and practical gaps regarding the loss of water in WDSs. These gaps provide a basis for future research, as follows: (a) to develop loss control methods that consider the five complexity attributes analysed, recognizing the role played by socio-technical factors; (b) to investigate empirically what would be the ideal level and nature of resilience in a WDS in order to to maintain supply continuously, while minimizing water losses; (c) to develop a broader concept and taxonomy of losses in WDS; (d) to empirically test the model proposed in Fig. 2 as well as to develop similar models, based on empirical data from specific contexts and scenarios; and (e) to evaluate the relative importance of the identified complexity factors, according to the loss type and national income level.
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